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Neutron star matter with strange interactions in a relativistic quark model
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The effect of strange interactions in neutron star matter and the role of the strange meson-hyperon
couplings are studied in a relativistic quark model where the confining interaction for quarks inside
a baryon is represented by a phenomenological average potential in an equally mixed scalar-vector
harmonic form. The hadron-hadron interaction in nuclear matter is then realized by introducing
additional quark couplings to σ, ω, ρ, σ∗ and φ mesons through mean-field approximations. The
meson-baryon couplings are fixed through the SU(6) spin-flavor symmetry and the SU(3) flavor
symmetry to determine the hadronic equation of state (EoS). We find that the SU(3) coupling set
gives the potential depth between Λs around −5 MeV and favours a stiffer EoS.The radius for the
canonical neutron star lies within a range of 12.7 to 13.1 km.
PACS numbers: 26.60.+c, 21.30.-x, 21.65.Qr, 95.30.Tg
I. INTRODUCTION
The recent observation of gravitational waves from
a binary neutron star coalescence by the Advanced
LIGO and Virgo gravitational wave detectors, i.e., event
GW170817 [1] has provided new insight on the maxi-
mum mass as well as the radii distribution of neutron
stars [2–6]. Studies based on the GW170817 observation
put forth a stringent limit on the radius corresponding to
the 1.4M⊙ mass neutron star, between 9.9 < R1.4 < 13.6
km. Such a limit sets a strong constraint on the equa-
tion of sate (EoS) of dense matter. The composition of
dense matter relevant to neutron stars consists not only
of nucleons and leptons but also several exotic compo-
nents such as hyperons, mesons as well as quark matter
in different forms and phases. Since at very high density
it is energetically favourable for the creation of particles
with strange content, it is expected that hyperons may
appear in the inner core of neutron stars at densities 2−3
times the normal saturation density ρ0 = 0.15 fm
−3. The
onset of this new degree of freedom softens the EoS and
lowers the maximum mass.
In the present work we study the properties of neutron
stars, such as the mass, radius, and particle fractions
by taking into consideration the effect of strangeness
in neutron stars in a relativistic quark model, alterna-
tively called the modified quark meson coupling model
(MQMC) [7–9]. The MQMC model is based on confin-
ing relativistic independent quark potential model rather
than a bag to describe the baryon structure in vacuum.
In such a picture the quarks inside the baryon are consid-
ered to be independently confined by a phenomenologi-
cal average potential with an equally mixed scalar-vector
harmonic form. Such a potential has characteristically
simplifying features in converting the independent quark
Dirac equation into a Schro¨dinger like equation for the
upper component of Dirac spinor which can be solved
easily. The implications of such potential forms in the
Dirac framework has been studied earlier [10, 11].
In an earlier work [9] we studied hyperon stars in
the MQMC model where the baryon-baryon interaction
was realized through σ, ω, and ρ mesons exchanges and
the strange quarks were considered as spectators. In
the present attempt we incorporate an additional pair
of hidden strange mesons σ∗ and φ [12] which couple
only to the strange quark and the hyperons of the nu-
clear matter. The relevant parameters of the interaction
are obtained self-consistently by realizing the saturation
properties such as binding energy and pressure. The
hyperon couplings to the strange mesons are quite un-
certain. Fixing the coupling constants of hyperons with
mesons to take into consideration the hyperon-hyperon
inetraction is also a major difficulty. It is commom in
literature to consider the hybrid SU(6) symmetry group
[13] to fix the couplings of the hyperons with the vector
mesons. We construct the EoS with three different cou-
pling parameter sets. These are fixed using the SU(6)
spin-flavor symmetry and by breaking the SU(6) symme-
try of the isoscalar-vector meson to a more general SU(3)
flavour symmetry group [14] since such a scheme is ex-
pected to produce more massive neutron stars as wel as
change their baryon composition. We also use the avail-
able hyperon-nucleon interaction potential at saturation
density for the Λ, Σ and Ξ hyperons to UΛ = −28 MeV,
UΣ = 30 MeV and UΞ = −18 MeV respectively to deter-
mine the hyperon couplings to the vector ω meson.
The paper is organized as follows: In Sec. II, a brief
outline of the model describing the baryon structure in
vacuum is discussed and the baryon mass is then realized
by appropriately taking into account the center-of-mass
correction, pionic correction, and gluonic correction. The
EOS is then developed in Sec. III. The results and dis-
cussions are made in Sec. IV. We summarize our findings
in Sec. V.
II. MODIFIED QUARK MESON COUPLING
MODEL
The modified quark-meson coupling model has been
broadly applied for the study of the bulk properties of
symmetric and asymmetric nuclear matter. In an earlier
work this model was used to study the role of hyperons in
2neutron stars without taking in to consideration the con-
tribution of the hyperon-hyperon interactions [7–9]. We
now extend this model to study the effect of strangeness
in dense nuclear matter by including the contribution of
the hidden strange mesons σ∗ and φ. We begin by consid-
ering baryons as composed of three constituent quarks in
a phenomenological flavor-independent confining poten-
tial, U(r) in an equally mixed scalar and vector harmonic
form inside the baryon [7], where
U(r) =
1
2
(1 + γ0)V (r),
with
V (r) = (ar2 + V0), a > 0. (1)
Here (a, V0) are the potential parameters. The confining
interaction provides the zeroth-order quark dynamics of
the hadron. In the medium, the quark field ψq(r) satisfies
the Dirac equation
[γ0 (ǫq − Vω − 1
2
τ3qVρ − Vφ)− ~γ.~p
− (mq − Vσ − Vσ∗)− U(r)]ψq(~r) = 0 (2)
where Vσ = g
q
σσ0, Vω = g
q
ωω0, Vρ = g
q
ρb03, Vφ = g
q
φφ0 and
Vσ∗ = g
q
σ∗σ
∗
0 . Here σ0, ω0, b03, σ
∗
0 and φ0 are the classical
meson fields, and gqσ, g
q
ω, g
q
ρ, g
q
σ∗ and g
q
φ are the quark
couplings to the σ, ω, ρ, σ∗ and φ mesons respectively.
mq is the quark mass and τ3q is the third component of
the Pauli matrices. We can now define
ǫ′q = (ǫ
∗
q − V0/2) and m′q = (m∗q + V0/2), (3)
where the effective quark energy, ǫ∗q = ǫq−Vω− 12τ3qVρ−
Vφ and effective quark mass, m
∗
q = mq − Vσ − Vσ∗ . We
now introduce λq and r0q as
(ǫ′q +m
′
q) = λq and r0q = (aλq)
− 1
4 . (4)
The ground-state quark energy can be obtained from
the eigenvalue condition
(ǫ′q −m′q)
√
λq
a
= 3. (5)
The solution of equation (5) for the quark energy ǫ∗q im-
mediately leads to the mass of baryon in the medium in
zeroth order as
E∗0B =
∑
q
ǫ∗q (6)
We next consider the spurious center-of-mass correc-
tion ǫc.m., the pionic correction δM
pi
B for restoration of
chiral symmetry, and the short-distance one-gluon ex-
change contribution (∆EB)g to the zeroth-order baryon
mass in the medium.
Here, we extract the center of mass energy to first or-
der in the difference between the fixed center and relative
quark co-ordinate, using the method described by Gui-
chon et al. [15]. The centre of mass correction is given
by:
ec.m. = e
(1)
c.m. + e
(2)
c.m., (7)
where,
e(1)c.m. =
3∑
i=1
[
mqi∑3
k=1mqk
6
r20qi(3ǫ
′
qi +m
′
qi)
]
(8)
e(2)c.m. =
a
2
[
2∑
kmqk
∑
i
mi〈r2i 〉+
2∑
kmqk
∑
i
mi〈γ0(i)r2i 〉 −
3
(
∑
kmqk)
2
∑
i
m2i 〈r2i 〉
− 1
(
∑
kmqk)
2
∑
i
〈γ0(1)m2i r2i 〉 −
1
(
∑
kmqk)
2
∑
i
〈γ0(2)m2i r2i 〉 −
1
(
∑
kmqk)
2
∑
i
〈γ0(3)m2i r2i 〉
]
(9)
In the above, we have used for i = (u, d, s) and
k = (u, d, s) and the various quantities are defined as
〈r2i 〉 =
(11ǫ′qi +m
′
qi)r
2
0qi
2(3ǫ′qi +m
′
qi)
(10)
〈γ0(i)r2i 〉 =
(ǫ′qi + 11m
′
qi)r
2
0qi
2(3ǫ′qi +m
′
qi)
(11)
〈γ0(i)r2j 〉i6=j =
(ǫ′qi + 3m
′
qi)〈r2j 〉
3ǫ′qi +m
′
qi
(12)
The pseudo-vector nucleon pion coupling constant,
fNNpi can be obtained from Goldberg-Treiman relations
by using the axial-vector coupling constant value gA in
the model as
√
4π
fNNpi
mpi
=
gA(N)
2fpi
, (13)
where
gA(n→ p) = 5
9
(5ǫ′u + 7m
′
u)
(3ǫ′u +m
′
u)
. (14)
The pionic corrections in the model for the nucleons be-
3come
δMpiN = −
171
25
Ipif
2
NNpi. (15)
Taking wk = (k
2 +m2pi)
1/2 Ipi becomes
Ipi =
1
πmpi2
∫ ∞
0
dk.
k4u2(k)
w2k
, (16)
with the axial vector nucleon form factor given as
u(k) =
[
1− 3
2
k2
λq(5ǫ′q + 7m
′
q)
]
e−k
2r20/4 . (17)
The pionic correction for Σ0 and Λ0 become
δMpiΣ0 = −
12
5
f2NNpiIpi, (18)
δMpiΛ0 = −
108
25
f2NNpiIpi. (19)
Similarly the pionic correction for Σ− and Σ+ is
δMpiΣ+,Σ− = −
12
5
f2NNpiIpi . (20)
The pionic correction for Ξ0 and Ξ− is
δMpiΞ−,Ξ0 = −
27
25
f2NNpiIpi . (21)
The one-gluon exchange interaction is provided by the
interaction Lagrangian density
LgI =
∑
Jµai (x)A
a
µ(x) , (22)
where Aaµ(x) are the octet gluon vector-fields and J
µa
i (x)
is the i-th quark color current. The gluonic correction can
be separated in two pieces, namely, one from the color
electric field (Eai ) and another from the magnetic field
(Bai ) generated by the i-th quark color current density
Jµai (x) = gcψ¯q(x)γ
µλai ψq(x) , (23)
with λai being the usual Gell-Mann SU(3) matrices and
αc = g
2
c/4π. The contribution to the mass can be written
as a sum of color electric and color magnetic part as
(∆EB)g = (∆EB)
E
g + (∆EB)
M
g , (24)
where
(∆EB)
E
g =
1
8π
∑
i,j
8∑
a=1
∫
d3rid
3rj
|ri − rj |
× 〈B|J0ai (ri)J0aj (rj)|B〉 , (25)
and
(∆EB)
M
g = −
1
8π
∑
i,j
8∑
a=1
∫
d3rid
3rj
|ri − rj |
× 〈B| ~Jai (ri) ~Jaj (rj)|B〉 . (26)
Baryon auu aus ass buu bus bss
N -3 0 0 0 0 0
Λ -3 0 0 1 -2 1
Σ 1 -4 0 1 -2 1
Ξ 0 -4 1 1 -2 1
TABLE I. The coefficients aij and bij used in the calculation
of the color-electric and and color-magnetic energy contribu-
tions due to one-gluon exchange.
Finally, taking into account the specific quark fla-
vor and spin configurations in the ground state baryons
and using the relations 〈∑a(λai )2〉 = 16/3 and〈∑a(λai λaj )〉i6=j = −8/3 for baryons, one can write the
energy correction due to color electric contribution, as
(∆EB)
E
g = αc(buuI
E
uu + busI
E
us + bssI
E
ss) , (27)
and due to color magnetic contributions, as
(∆EB)
M
g = αc(auuI
M
uu + ausI
M
us + assI
M
ss ) , (28)
where aij and bij are the numerical coefficients depending
on each baryon and are given in Table I. In the above,
we have
IEij =
16
3
√
π
1
Rij
[
1− αi + αj
R2ij
+
3αiαj
R4ij
]
IMij =
256
9
√
π
1
R3ij
1
(3ǫ
′
i +m
′
i)
1
(3ǫ
′
j +m
′
j)
, (29)
where
R2ij = 3
[ 1
(ǫ
′
i
2 −m′i
2
)
+
1
(ǫ
′
j
2 −m′j
2
)
]
αi =
1
(ǫ
′
i +m
′
i)(3ǫ
′
i +m
′
i)
. (30)
The color electric contributions to the bare mass for nu-
cleon (∆EN )
E
g = 0. Therefore the one-gluon contribution
for nucleon becomes
(∆EN )
M
g = −
256αc
3
√
π
[ 1
(3ǫ′u +m
′
u)
2R3uu
]
(31)
The one-gluon contribution for Σ+,Σ− becomes
(∆EΣ+,Σ−)
E
g = αc
16
3
√
π
[
1
Ruu
(
1− 2αu
R2uu
− 3α
2
u
R4uu
)
− 2
Rus
(
1− αu + αs
R2us
+
3αuαs
R4us
)
+
1
Rss
(
1− 2αs
R2ss
+
3α2s
R4ss
)]
(32)
(∆EΣ+,Σ−)
M
g =
256αc
9
√
π
[
1
(3ǫ′u +m
′
u)
2R3uu
− 4
R3us(3ǫ
′
u +m
′
u)(3ǫ
′
s +m
′
s)
]
(33)
4(∆EΣ+,Σ−)g = (∆EΣ+,Σ−)
E
g + (∆EΣ+,Σ−)
M
g (34)
The gluonic correction for Σ0 is
(∆EΣ0)
E
g = αc
16
3
√
π
[
1
Ruu
(
1− 2αu
R2uu
− 3α
2
u
R4uu
)
− 2
Rus
(
1− αu + αs
R2us
+
3αuαs
R4us
)
+
1
Rss
(
1− 2αs
R2ss
+
3α2s
R4ss
)]
(35)
(∆EΣ0 )
M
g =
256αc
9
√
π
[
1
(3ǫ′u +m
′
u)
2R3uu
− 4
R3us(3ǫ
′
u +m
′
u)(3ǫ
′
s +m
′
s)
]
(36)
(∆EΣ0 )g = (∆EΣ0)
E
g + (∆EΣ0 )
M
g (37)
The gluonic correction for Λ is
(∆EΣ0 )
E
g = (∆EΛ)
E
g (38)
The color magnetic contribution is different
(∆EΛ)
M
g = −
256αc
3
√
π
[
1
(3ǫ′u +m
′
u)
2R3uu
]
(39)
(∆EΛ)g = (∆EΛ)
E
g + (∆EΛ)
M
g (40)
The color electric contributions for Ξ− and Ξ0 are same
as that of Σ0 or Λ0 but the color magnetic contributions
to the correction of masses of baryon are different:
(∆EΞ−,Ξ0)
M
g =
256αc
9
√
π
[
1
(3ǫ′s +m
′
s)
2R3ss
− 4
R3us(3ǫ
′
u +m
′
u)(3ǫ
′
s +m
′
s)
]
(41)
Finally, the gluonic correction for Ξ− and Ξ0 is given
by:
(∆EΞ−,Ξ0)g = (∆EΞ−,Ξ0)
E
g + (∆EΞ−,Ξ0)
M
g (42)
Treating all energy corrections independently, the mass
of the baryon in the medium becomes
M∗B = E
∗0
B − ǫc.m. + δMpiB + (∆EB)Eg + (∆EB)Mg . (43)
III. THE EQUATION OF STATE
The total energy density and pressure at a particu-
lar baryon density, encompassing all the members of the
baryon octet, for the nuclear matter in β-equilibrium can
be found as
ε =
1
2
m2σσ
2
0 +
1
2
m2σ∗σ
∗2
0 +
1
2
m2ωω
2
0 +
1
2
m2φφ
2
0
+
1
2
m2ρρ
2
03 +
γ
2π2
∑
B
∫ kB
0
k2dk
√
k2 +M∗B
2
− g2ωg2ρΛvρ203ω20
+
∑
l
1
π2
∫ kl
0
k2dk[k2 +m2l ]
1/2 (44)
P = − 1
2
m2σσ
2
0 −
1
2
m2σ∗σ
∗2
0 +
1
2
m2ωω
2
0
+
1
2
m2φφ
2
0 +
1
2
m2ρρ
2
03 + g
2
ωg
2
ρΛvρ
2
03ω
2
0
+
γ
6π2
∑
B
∫ kB
0
k4 dk√
k2 +M∗B
2
+
1
3
∑
l
1
π2
∫ kl
0
k4dk
[k2 +m2l ]
1/2
(45)
where γ = 2 is the spin degeneracy factor for nuclear
matter, B = N,Λ, Σ±, Σ0, Ξ−, Ξ0 and l = e, µ. In the
above expression for the energy density and pressure, a
nonlinear ω−ρ coupling term is introduced with coupling
coefficient, Λν [16].
For obtaining a constraint on the quark mass we use
the value of compressibility given by,
K = 9
[
dP
dρB
]
ρB=ρ0
(46)
The chemical potentials, necessary to define the β−
equilibrium conditions, are given by
µB =
√
k2B +M
∗
B
2 + gωω0 + gρτ3Bb03 + gφφ0 (47)
where τ3B is the isopsin projection of the baryon B.
The lepton Fermi momenta are the positive real so-
lutions of (k2e + m
2
e)
1/2 = µe and (k
2
µ + m
2
µ)
1/2 = µµ.
The equilibrium composition of the star is obtained by
solving the equations of motion of meson fields in con-
junction with the charge neutrality condition, given in
equation (49), at a given total baryonic density ρ =∑
B γk
3
B/(6π
2). The effective masses of the baryons are
obtained self-consistently in this model.
Since we consider the octet baryons, the presence of
strange baryons in the matter plays a significant role.
We define the strangeness fraction as
fs =
1
3
∑
i |si|ρi
ρ
. (48)
5Here si refers to the strangeness number of baryon i and
ρi is defined as ρi = γk
3
Bi/(6π
2).
For stars in which the strongly interacting particles
are baryons, the composition is determined by the re-
quirements of charge neutrality and β-equilibrium con-
ditions under the weak processes B1 → B2 + l + νl and
B2+ l → B1+ νl. After deleptonization, the charge neu-
trality condition yields
qtot =
∑
B
qB
γk3B
6π2
+
∑
l=e,µ
ql
k3l
3π2
= 0 , (49)
where qB corresponds to the electric charge of baryon
species B and ql corresponds to the electric charge of
lepton species l. Since the time scale of a star is ef-
fectively infinite compared to the weak interaction time
scale, weak interaction violates strangeness conservation.
The strangeness quantum number is therefore not con-
served in a star and the net strangeness is determined by
the condition of β-equilibrium which for baryon B is then
given by µB = bBµn − qBµe, where µB is the chemical
potential of baryon B and bB its baryon number. Thus
the chemical potential of any baryon can be obtained
from the two independent chemical potentials µn and µe
of neutron and electron respectively.
A. Baryon-Meson coupling constants
The Baryon-Meson coupling coupling constants are
given by,
gσB = xσB gσN , gωB = xωB gωN , gρB = xρB gρN ,
where xσB , xωB and xρB are equal to 1 for the nucleons
and acquire different values in different parameterisations
for the other baryons. We note that the s-quark is unaf-
fected by the σ- and ω mesons i.e. gsσ = g
s
ω = 0. To take
into account the effect of the strange quark, we include
the strange mesons σ∗ and φ with couplings gσ∗ and gφ
respectively. The iso-scalar scalar and iso-scalar vector
couplings for the nucleons gqσ and gω are fitted to the
saturation density and binding energy for nuclear mat-
ter. The iso-vector vector coupling to the nucleon gρ is
set by fixing the symmetry energy at J = 32.0 MeV. The
hyperon coupling ratios are determined after the cou-
pling constants gqσ, gω and gρ for the nucleon sector are
determined.
The vector meson couplings to the hyperons are fixed
using three different approaches to get three parameter
sets, Set I, Set II and Set III. In the first set we use the
SU(6) spin-flavor symmetry [17, 18] as follows,
1
3
gωN =
1
2
gωΛ =
1
2
gωΣ = gωΞ,
gρN = gρΛ =
1
2
gρΣ = gρΞ, (50)
2gφΛ = 2gφΣ = gφΞ = −2
√
2
3
gωN ,
with gφN = 0.
In Set II, we adjust the ω-hyperon coupling strengths
(xωΛ, xωΣ and xωΞ) to the hyperon-nucleon interac-
tion potential at saturation density for the Λ, Σ and
Ξ hyperons with UΛ = −28 MeV, UΣ = 30 MeV and
UΞ = −18 MeV respectively using the relation UB =
−(MB −M∗B) + xωBgωω0 for B = Λ,Σ and Ξ. We keep
the ρ-coupling to the hyperons same as that of the nu-
cleons and set gφN = 0.
For Set III, we extend the SU(6) spin-flavor symmetry
to the SU(3) flavor symmetry. The SU(3) group with
three flavors of quarks (up, down, strange) is regarded
as the symmetry group for strong interactions. We fol-
low the scheme given in [14, 19, 22–24] using the matrix
representations for the baryon octet and meson nonet
(singlet state and octet state). In such a scheme, the ω
and φ mesons are described in terms of the pure singlet,
|1〉, and octet, |8〉, states as
ω = cos θν |1〉+ sin θν |8〉
φ = − sin θν |1〉+ cos θν |8〉, (51)
with θν being the mixing angle. The mixing angle is fixed
using the Nijmegen extended-soft-core (ESC) model [19].
The values of the θν and the z (z ≡ g8/g1, coupling ratio
of the octet to singlet coupling constants), suggested in
the ESC model are given as
θν = 37.50
o, z = 0.1949. (52)
Then the relations of the vector meson-hyperon coupling
constants in SU(3) are given as,
gωΛ= gωΣ =
1
1 +
√
3z tan θν
gωN ,
gωΞ=
1−√3z tan θν
1 +
√
3z tan θν
gωN , (53)
gφN=
√
3z − tan θν
1 +
√
3z tan θν
gωN ,
gφΛ= gφΣ =
− tan θν
1 +
√
3z tan θν
gωN ,
gφΞ= −
√
3z + tan θν
1 +
√
3z tan θν
gωN .
(54)
We note here that the couplings of the hyperons to
the σ-meson need not be fixed since we determine the
effective masses of the hyperons self-consistently. In all
the three sets considered above we have fixed g∗σ = 2
considering a weak hyperon-hyperon coupling.
The vector mean-fields ω0, b03 and φ0 are determined
through
ω0 =
gω
m∗ω
2
∑
B
xωBρB, b03 =
gρ
2m∗ρ
2
∑
B
xρBτ3BρB,
φ0 =
gφ
m∗φ
2
∑
B
xφBρB (55)
6where m∗ω
2 = m2ω+2Λνg
2
ρg
2
ωb
2
03, m
∗
ρ
2 = m2ρ+2Λνg
2
ρg
2
ωω
2
0 ,
gω = 3g
q
ω and gρ = g
q
ρ. Finally, the scalar mean-fields σ0
and σ∗0 are fixed by
∂E
∂σ0
= 0,
∂E
∂σ∗0
= 0 (56)
Using the EOS determined above for the three param-
eter sets, we can obtain the relation between the mass
and radius of a star with its central density by integrat-
ing the Tolman-Oppenheimer-Volkoff (TOV) equations
[20] given by,
dP
dr
= −G
r
[E + P ] [M + 4πr3P ]
(r − 2GM) , (57)
dM
dr
= 4πr2E , (58)
with G as the gravitational constant and M(r) as the
enclosed gravitational mass. We have used c = 1. Given
an EOS, these equations can be integrated from the ori-
gin as an initial value problem for a given choice of the
central energy density, (ε0). Of particular importance is
the maximum mass obtained from and the solution of
the TOV equations. The value of r (= R), where the
pressure vanishes defines the surface of the star.
IV. RESULTS AND DISCUSSION
There are two potential parameters in the relativistic
quark model, a and V0 which are obtained by fitting the
nucleon mass MN = 939 MeV and charge radius of the
proton 〈rN 〉 = 0.84 fm in free space. Keeping the value
of the potential parameter a same as that for nucleons,
we obtain V0 for the Λ, Σ and Ξ baryons by fitting their
respective masses to MΛ = 1115.6 MeV, MΣ = 1193.1
MeV andMΞ = 1321.3 MeV. The mass of the u,d quarks
is fixed at 200 MeV and the mass of the s quark is fixed at
300 MeV. The set of potential parameters for the baryons
are given in Table II.
The incompressibility K of symmetric nuclear matter
for quark mass 200 MeV comes out to be 242.41 MeV.
Recent measurements [25] extracted from doubly-magic
nuclei like 208Pb constrain the value of K to be around
240± 20. The quark meson couplings gqσ, gω = 3gqω, and
Baryon MB(MeV) V0(MeV)
N 939 5.44
Λ 1115.6 28.00
Σ 1193.1 43.29
Ξ 1321.3 54.17
TABLE II. The potential parameter V0 for different baryons
obtained for the quark mass mu = md = 200 MeV, ms = 300
MeV with a = 0.722970 fm−3.
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FIG. 1. Effective mass of baryons. The dotted lines indicate
matter without the σ∗ interaction while the continuous lines
represent baryon mass with σ∗ interaction.
gρ = g
q
ρ are fitted self-consistently for the nucleons to
obtain the correct saturation properties of nuclear matter
binding energy, EB.E. ≡ B0 = E/ρB−MN = −15.7 MeV,
pressure, P = 0, and symmetry energy J = 32.0 MeV at
ρB = ρ0 = 0.15 fm
−3.
We have taken the standard values for the meson
masses; namely, mσ = 550 MeV, mω = 783 MeV,
mρ = 763 MeV, mσ∗ = 980 MeV and mφ = 1020 MeV.
The values of the quark meson couplings, gqσ, gω, and
gρ at quark masses 200 MeV are given in Table III. The
value of the ω-ρ coupling term Λν , which affects the gρ
coupling [9], is fixed at Λν = 0.05. In fact, such a non-
linear ω-ρ term gives rise to effective masses for the ω
and ρ mesons, thus softening the vector fields at large
densities [26].
mq g
q
σ gω gρ M
∗
N/MN K
(MeV) (MeV)
200 4.36839 7.40592 9.39956 0.83 242.41
TABLE III. The quark meson couplings gqσ, gω and gρ for nu-
clear matter at quark mass mq = 200 MeV. gρ is determined
keeping non-linear coupling fixed at Λν = 0.05. Also shown
are the values of the nucleon effective mass and the nuclear
matter incompressibility K.
As discussed in the previous section, we use three types
of parameter sets for the non-strange and strange me-
son couplings to the hyperons. For Set I we use the
SU(6) spin-flavor symmetry. For Set II we follow a mixed
scheme where the hyperon couplings to the ω-meson are
fixed by determining xωB . The value of xωB is ob-
tained from the hyperon potentials in nuclear matter,
UB = −(MB −M∗B) + xωBgωω0 for B = Λ,Σ and Ξ as
−28 MeV, 30 MeV and −18 MeV respectively. For the
quark mass 200 MeV the corresponding values for xωB
are given in Table IV. The value of xρB = 1 is fixed for
all baryons in this parameter set.
For the Set III we use the SU(3) flavor symmetry to fix
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FIG. 2. Total pressure as a function of the energy density at
quark mass mq = 200 MeV. (a) shows the Set I and Set II of
the MQMC model as compared to the QMC, FSUGold and
GM3 parametrizations in SU(6) while (b) shows the compari-
son of Set III EoS of the MQMC model with QMC, FSUGold
and GM3 parametrizations in SU(3).
the couplings of the ω and φ mesons with the hyperons.
As indicated from the Nagara event [27], which suggests
the depth of the potential between two Λs is about −5
MeV, we choose the coupling of the strange meson σ∗
to be weak at 2.0. In fact, using the parameter Set III
we determine the value of the potential U
(Λ)
Λ for Λ in
Λ-hyperon matter as,
U
(Λ)
Λ = −gσΛσ(Λ)0 −gσ∗Λσ∗(Λ)0 +gωΛω(Λ)0 +gφΛφ(Λ)0 , (59)
which comes out as −5.28 MeV.
Fig. 1 shows the effective baryon mass, M∗B/MB, as a
function of baryon density. At saturation density ρ0 the
value of M∗B/MB is 0.83 for nucleons. The effect of the
mq xωΛ xωΣ xωΞ
(MeV) UΛ = −28 MeV UΣ = 30 MeV UΞ = −18 MeV
200 0.81316 1.43857 0.43399
TABLE IV. xωB determined for the parameter Set II by fixing
the potentials for the hyperons.
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FIG. 3. Particle fraction for the three parameter sets.
inclusion of strange meson σ∗ on the baryon mass can
be observed in the figure. The dotted lines indicate the
variation in baryon mass in the absence of the σ∗ meson
while the continuous lines show the variation with the
inclusion of σ∗. The additional strange interaction af-
fects only the hyperons as σ∗ interacts only with strange
baryons and decreases the effective mass of the hyperons.
The EoS for the different parameter sets I, II and III in
the MQMC model is shown in Fig. 2(a) and 2(b) and also
compared with the results [14] from QMC [28], FSUGold
[29] and GM3 [30] calculations. It is observed that the
parameter set II gives the stiffest EoS when compared
to other SU(6) models. We also observe that EoS from
8SU(3) sets are comparatively more stiffer than the SU(6).
This occurs due the the enhanced vector-meson couplings
to the baryons in SU(3) symmetry.
Fig. 3 shows the particle fractions for the three types of
parameter sets in β-equilibriated matter. Hyperons ap-
pear in all the sets choosen, though their threshold den-
sity of production differs with different meson-hyperon
coupling sets. Σ− production is preferred in SU(3) cou-
pling Set III indicating suppression of Ξ fields at higher
densities. Parameter Set II fixes a repulsive Σ-hyperon
potential resulting in the absence of the Σ hyperon the
matter distribution.
The meson fields in the SU(3) symmetry are plot-
ted in Fig. 4. It is observed that the φ meson con-
tributes to the baryon interactions even at lower densi-
ties. This is due to the mixing effect considered in SU(3)
coupling set. Further more, it is observed that the σ∗
meson appears at densities higher than the density of
appearnce of the Σ hyperon of Set III. Fig. 5 show the
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FIG. 4. Meson fields in the SU(3) set.
strangeness fraction for the three types of sets considered
in the present model. It is observed that the strangeness
fraction increases at lower densities for the Set I with
complete SU(6) couplings. Between Set II and Set III,
though the strangeness appears earlier in Set III, there is
sharper increase in the fraction for Set II indicating more
strangeness content at lower densities. This is reflected
in the EoS plot where the EoS for Set II is softer than
Set III.
In Fig. 6 we plot the mass-radius relations for the dif-
ferent parameter sets. It is clearly observed that SU(6)
sets fail to achieve the maximum mass limit of the pulsar
PSR J1614-2230. However, in the SU(3) coupling Set III
a maximum mass of 1.90 M⊙ is achieved with a corre-
sponding radius of 11.2 km. The radius corresponding to
the canonical 1.4 M⊙ star for set III is 13.1 km. For the
Sets I and II, the maximum mass is much lower, but the
canonical radius is 12.7 km. The mass and radius for all
the three sets are shown in Table V.
The recent detection of event GW170817 [1] and the
consequent studies involving radius measurements con-
strain the radii of 1.4M⊙ mass neutron star, between
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FIG. 5. Strangeness fraction as a function of density for Set
I, II and III.
9.9 < R1.4 < 13.6 km. In the present work we obtain
R1.4 between 12.7 km and 13.1 km, which is within the
predicted range. We observe that SU(3) set is favourable
for a massive star.
V. CONCLUSION
In the present work we have developed the EoS using
a relativistic quark model which considers the baryons
to be composed of three independent relativistic quarks
confined by an equal admixture of a scalar-vector har-
monic potential in a background of scalar and vector
mean fields. Appropriate corrections to the centre of
mass motion, pionic and gluonic exchanges within the
nucleon are calculated to obtain the effective mass of the
baryon. The baryon-baryon interactions are realised by
the quark coupling to the σ, ω and ρ mesons through a
mean field approximation. To include the contribution of
strangeness, the hyperon-hyperon interaction mediated
by σ∗ and φ mesons is introduced.
The strange and non-strange meson couplings to the
hyperons are fixed using three different techniques based
on symmetry considerations and the available hyperon-
nucleon potentials. The EOS is analyzed for three differ-
ent sets of coupling constants and the effect of such cou-
plings on the strangeness fraction is studied. The varia-
tions of the maximum mass and radius in the present
set of parametrizations are determined and it is ob-
Set M (M⊙) R (km) R1.4 (km)
Set I 1.66 11.2 12.7
Set II 1.79 11.3 12.7
Set III 1.90 11.2 13.1
TABLE V. Mass and radius for different parameter sets. Also
shown is the radius corresponding to the canonical mass 1.4
M⊙.
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FIG. 6. Star mass as a function of radius for (a) Set I and Set II and (b) Set III at mq = 200 MeV along with the plots for the
QMC, FSUGold and GM3 models.
served that an extension of SU(6) spin-flavor symmetry
to SU(3) flavor symmetry is favourable to obtain massive
yet compact stars. Furthermore, the role of the strange
φ meson in sustaining a heavy neutron star is analysed.
The canonical radius obtained in the present study lies
within the range of values predicted from studies of the
GW170817 event.
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